Although structural adhesives are used in many fields, there are few non-destructive evaluation techniques which are economical and widely applicable. In this study, a new non-destructive evaluation technique of structural adhesives using radio frequency identification (RFID) tags was proposed to keep reliability of structures. This method enables us to detect fracture of structural adhesives by the communication situation of RFID tags. Communication properties of two types of RFID tags, the small tags and in-metal tags, were investigated during bending test, and the effects of tags on mechanical properties were evaluated using finite element method. A fracture of epoxy resin was successfully detected by small tags, and in-metal RFID tag makes it possible to detect internal fracture of epoxy resin covered with SUS304. There is little difference of maximum stress with or without tags in stress field, and it was shown that adhesive strength did not decline with the presence of RFID tags. Therefore, it was shown that this proposed method is effective to find a fracture of structural adhesives.
Introduction
Structural adhesives are used in many fields such as automobile, electronics, structures and aircrafts. The advantages of structural adhesives are to bond different materials, save weights and increase fatigue strength. Especially, experimental and numerical analyses of structural adhesives were done for the automotive industry instead of spotwelding. 1) However, the adoption of structural adhesives is not sufficiently reliable because of its difficulty to detect fractures of bonding layer. Destructive and non-destructive evaluations are required to keep the reliability of structural adhesives. Destructive evaluations contain mechanical tests such as bending tests, shear tests and impact tests. Although these tests can measure the strength of adhesives, the results are obtained only after the specimen was broken and the prediction of fractures of structural adhesives is difficult. There were a lot of accidents caused by the deterioration of structural adhesives used in invisible places. Therefore, non-destructive evaluation techniques instead of visual or hammering tests are required to keep reliability of structural adhesives. Although ultrasonic techniques and any other methods were used to detect fractures of structural adhesives in early stages, 2, 3) these methods take a lot of time and costs when an area of bonding part is large. The new non-destructive evaluation technique is needed to spread structural adhesives safely.
The advance of semiconductor technology makes it possible to use wireless communication technology. RFID (Radio Frequency Identification) system is automatic recognition system using RFID reader and IC tags written individual information. Commonly-used RFID tags are using magnetic state of antenna generated by electric wave from reader. RFID system is widely used for such as electronic money and stock control. As a source of electricity is not needed in this system and the cost of RFID tag becomes lower, this system was considered to be able to apply in many situations. Many shape and characteristic tags were developed recently. For example, the ultra-small RFID tags were considered to make new life and business style. 4) In this article, a new non-destructive evaluation technique of structural adhesives was proposed using RFID tags, because there are few non-destructive evaluation techniques which are economical and widely applicable. Two types of RFID tags were used in this article to detect a fracture of epoxy resin and internal fracture by bending tests. The finite element analysis was also done to evaluate mechanical characteristic of structural adhesives. The new method to detect fracture of structural adhesives using RFID tags was investigated.
Principle
In this study, communication feature of RFID tags which has received a lot of attention in recent years was used to propose a new non-destructive evaluation. A schematic image of this study is shown in Fig. 1 . Many identifiable RFID tags are mixed into structural adhesive, and the status of RFID tags is queried by a RFID reader at a routine inspection. If a tag is broken due to cracks in adhesives, the reader cannot detect the tag which indicates the occurrence of cracks or deformation in structural adhesives. The advantage of this method is that the fracture of structural adhesives bonding two sheets is discovered quickly even if the fracture is invisible.
Experimental Procedure

Specimen
Two types of RFID tags were used in this study. The appearance of the small tag is shown in Fig. 2 (a) . This tag was designed to be 2.5 mm square and 0.4 mm thickness, supplied by Hitachi Chemical Co., Ltd. Antenna was put in surface and IC tag was buried in the base plate. As a reader was able to identify more than one tag at the same time, it could be mixed in epoxy resin with great numbers. The disadvantage of this tag is that it could not communicate with reader through or near metals. As structural adhesives are often used with bonding metals, other RFID tags which can overcome this problem were required to advance this study. The appearance of in-metal tag is shown in Fig. 2 Hanex Co., Ltd. Although it could not be identified multiple tags at the same time, it was able to communicate with reader through or near metals because this type of RFID tag uses the low frequency band of 125 kHz. These two types of RFID tags were pictured optically with digital microscope (VHX-600, Keyence).
Three specimens were prepared by these two types of RFID tags. Epoxy resin was used as a structural adhesive. The size of epoxy parts were 30 mm and 55 mm shape and 10 mm thick in all specimens. Specimen of single small tag (sample A) is shown in Fig. 3 (a). One tag was able to communicate with the reader. A small notch was introduced on one surface of the small tag so that it was easier to get broken by concentration of stress. Specimen of multi small tags (sample B) is shown in Fig. 3 (b) . Identifiable 20 small tags were mixed into epoxy resin and the reader was able to detect all of these tags. Specimen of in-metal tag (sample C) is shown in Fig. 3 (c) . Although this specimen was covered with SUS304, in-metal tag was able to communicate by the reader. A hole with a diameter of 1 mm was created in part of epoxy resin so as to induce crack to the in-metal tag. Specimen of multi in-metal tags was not made because the reader cannot identify in-metal tags at a time. These three specimens were used in the following tests.
Bending test
Bending tests were conducted one time with three specimens with the testing machine (AG-5000C Shimadzu Co., Ltd). Three point bending test was done in sample A by the testing speed of 1 mm/min and a schematic image of this test is shown in Fig. 4 (a) . The distance between two bottom supports was 40 mm. The notched small tag was located in the center of the bottom surface. Four point bending test was performed with sample B by the testing speed of 1 mm/min and a schematic image of this test is shown in Fig. 4 (b) . Two Acoustic Emission (AE) sensors were put to detect the fracture for comparison. The distance of upper supports was 15 mm, and that of bottom supports was the 40 mm. Since the small tags cannot communicate through metals, real time communications during bending test were difficult on sample A and sample B due to metallic jigs.
Three point bending test was also done in sample C by the testing speed of 0.1 mm/min with two AE sensors on the part of epoxy resin, and a schematic image of this test is shown in Fig. 4 (c) . The distance of bottom supports was the same with single small tag. As the in-metal tag can communicate with the reader through metals, communication status of tags was checked every five seconds during the bending test.
Analytical Procedure
In order to evaluate mechanical characteristics of RFID tags mixed in epoxy resin, finite element analyses were done on three specimens by a software Abaqus. The size of models and the distance of supports were the same as shown in Fig. 4 . Finite element model of sample A for three point bending is shown in Fig. 5 (a) . The small RFID tag was 2.5 mm square and 0.5 mm thickness and put on center of X-Y plane and bottom of Z axis. Finite element model of sample B for four point bending is shown in Fig. 5 (b) . Six small tags were located in random order of X-Y plane and bottom of Z axis. Finite element model of sample C for three point bending was shown in Fig. 5 (c) . The hole in the part of epoxy resin was 1 mm in diameter. The in-metal RFID tag was 1.5 mm square and 10 mm length to make the mesh simply and put on center of X-Y plane and 8 mm from bottom of Z axis. Material properties of epoxy resin, small tag, inmetal tag and SUS304 are shown in Table 1 .
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Results and Discussion
Bending tests
The relationship between time and stress of sample A (single small tag) is shown in Fig. 6 (a) . The epoxy resin was broken at 47.8 s after starting the test and the stress of 12.4 MPa. One small RFID tag was broken at the same time. The broken specimen of sample A after the bending test is shown in Fig. 7 (a) . The formula of three point bending to estimate the stress was used as follows:
where · is the stress, w is the load of bending, l is the distance between supports, b is the width of specimen and h is the thickness of specimen.
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The relationships between time and stress and amplitude of AE events of sample B (multi small tags) are shown in Fig. 6 (b). The epoxy resin was broken at 70.4 s after starting the test and the stress of 11.8 MPa. Three small RFID tags were broken all together. Several AE events were occurred just before the fracture. The broken specimen of sample B after the bending test is shown in Fig. 7 (b) . Seventeen small RFID tags were able to communicate with the reader. The formula of four point bending to estimate the stress was used as follows:
where l À l 0 is the distance between the bottom support and the upper support. 8) From the results of sample A and sample B, the fracture of epoxy resin was successfully detected using small tags. Therefore, it was demonstrated that the communication of RFID tags were available for nondestructive evaluation techniques. The relationships between time and stress, amplitude of AE event and number of lost RFID tags of sample C (inmetal tag) are shown in Fig. 8 . The specimen was broken at 998 seconds after starting the test and the stress of 138 MPa. Several AE events were occurred at the fracture. In-metal RFID tag was not able to communicate with reader between 995 s and 1000 s and this result matched the time of breaking the epoxy resin. Although the epoxy resin was fractured from the hole, no fracture was observed in SUS304 as shown in Fig. 9 . It was shown that the internal fracture of epoxy resin can be detected from the communication status of in-metal RFID tag.
Finite element analysis
The result of finite element analysis of sample A with no tag was shown in Fig. 10 (a) and with one tag in Fig. 10 (b) . Maximum principal stress was used to analyze the stress field because the experimental results show the brittle fracture. Load of sample A was set 778 N from the result of the bending test. There were a little change in stress field and the maximum principal stress in the part of epoxy resin. The small tag was broken at the stress of 11.7 MPa as shown in Fig. 10(c) . The result of finite element analysis of sample B with no tag was shown in Fig. 11 (a) and with six small tags in Fig. 11 (b) . Load of sample B was set 944 N from the result of the bending test. As mentioned in the results of single small tag, there were a little change in stress field and the maximum principal stress in the part of epoxy resin. Since sample B was broken at the center of the specimen in the experiment, tag 1 and tag 2 were analyzed. Tag 1 was broken at the stress of 10.8 MPa as shown in Fig. 11 (c) and tag 2 was broken at the stress of 9.8 MPa as shown in Fig. 11 (d) . From the results of sample A and sample B, the small tag has little effect on the bonding strength because of little change of maximum stress in the part of epoxy resin. Furthermore, as the small tags were broken around 11 MPa on maximum principal stress in both specimens, maximum principal stress around that stress would be the criterion of the fracture. The result of finite element analysis of sample C with no tag was shown in Fig. 12 (a) and with in-metal tag in Fig. 12 (b) . Load of sample C was set 5697 N from the result of the bending test. The maximum stress in the parts of epoxy resin with in-metal tag was rarely different from the parts of epoxy resin with no in-metal tag. The in-metal tag was broken at the stress of 5.3 MPa as shown in Fig. 12 (c) . From these results, it could be concluded that the bonding strength did not decrease with or without in-metal tag.
Conclusions
A new method to detect fracture of structural adhesive using RFID tags was proposed with the bending tests and finite element analysis. Two types of RFID tags were used in this study and the following conclusions were obtained.
(1) The fracture of epoxy resin was successfully detected from the communication loss of small tags, and the internal fracture of epoxy resin covered by SUS304 was successfully detected using the in-metal tag. (2) The stress field and maximum principal stress were evaluated by finite element analysis, and the effect of mixing small tags or in-metal tag on bonding strength is not significant. 
